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The microstructure and electrical transport of Crx(SiO2)1−x nanogranular films with Cr volume
faction x≃0.67 and 0.72 are systematically investigated. The transmission electron microscopy
images and elemental mappings indicate that the films are quite inhomogeneous: some Cr granules
directly connect to others while some Cr granules with size ∼1 to ∼3 nm disperse in the SiO2
dielectric matrix. For each film, the Hall coefficient RH varies linearly with the natural logarithm
of temperature, i.e., ∆RH∝lnT , above ∼60K, saturates at ∼60K, and retains the saturating value
below ∼60K. The temperature dependence of Hall coefficient can be explained by the recent theory
in granular metals and originates from virtual diffusion of electrons through the metallic granules.
For the conductivity σ, a robust ∆σ∝
√
T law is observed from ∼50 down to 2K. The behavior of the
conductivity stems from the “Altshuler-Aronov” correction, whose influence on the Hall coefficient
is not present in the films.
PACS numbers: 73.63.-b, 72.20.My, 72.80.Tm
Granular metals are a new class of artificial functional
materials, in which the metal granules are embedded in
insulating matrix (usually amorphous). The ease of ad-
justing granule size and the ratio of the metal to insu-
lator makes granular metal a perfect model system for
the investigation of the interplay of electronic correla-
tions, quantum confinement effects, and disorder. It has
been realized for quite some time that granular metal can
reveal new physical phenomena which is absent in homo-
geneous disordered systems due to its specific nanoscale
structure.1–3 The early extensive investigations on the
properties of the granular metals can be dated back to
a century ago,4–6 and the earlier advances had been re-
viewed in Refs. 7 and 8. Recently significant progress
has been made in this field.1,9–17 As for the electrical
transport properties, one of the new important theoret-
ical findings11,12 is the influence of the quantum effects
of the Coulomb interaction on Hall coefficient in strong
intergrain coupling limit. According to Kharitonov and
Efetov,11,12 the tunneling escape energy18 gT δ¯ (with gT
being the intergrain tunneling conductance in the unit
2e2/~ and δ¯ the mean energy level spacing in a grain)
is an important watershed with respect to the electrical
transport properties of granular metals. In a wide tem-
perature range T&T ∗ (T ∗≡gT δ¯/kB), quantum effects of
the Coulomb interaction lead to a logarithmic in T cor-
rection to the Hall coefficient, which is specific to granular
metals and absent in homogeneous disordered conduc-
tors. The specific correction saturates at T ∗ and keeps
as a constant below T ∗. The “Altshuler-Aronov” cor-
rection to the longitudinal conductivity may govern the
temperature behavior of Hall coefficient at much lower
temperatures (T≪T ∗). It should be emphasized the pre-
dicted lnT behavior of Hall coefficient is valid both in
two dimensional (2D) and three dimensional (3D) gran-
ular metals and thus is universal.
In 2D granular metals, the theoretical prediction of
Kharitonov and Efetov11,12 has been verified experimen-
tally in ultrathin Sn doped In2O3 films
19 and ultrathin
Al doped ZnO films.20 However, the lnT behavior of Hall
coefficient in 3D granular metals has not been reported
for more systems other than Ag-SnO2 granular films.
21
In addition, the temperature behavior of Hall coefficient
below T ∗ has not been experimentally explored thus far.
Therefore, it is necessary to completely investigate the
Hall transport properties of 3D granular metals at tem-
peratures below and above T ∗. To measure the tempera-
ture dependence of Hall coefficient below T ∗, one should
enhance the tunneling escape energy gT δ¯. Since the mean
energy level spacing δ¯ is proportional to 1/V (δ¯=1/νV
with ν being the density of states at the Fermi energy and
V the volume of the grain), an effective way to increase
the tunneling escape energy is to reduce the mean grain-
size a. Considering the metal with low melting point
easily forms large size grains in granular composites, we
need choose metals with relative high (at least moderate)
melting points and high resistance to oxidation as the
metallic constituent. We notice that chromium metal not
only possesses relative high melting point (2176K) and
high resistance to oxidation at room temperature, but
also has relative low carrier concentration.22–25 The low
carrier concentration character facilitates the measure-
ment of the temperature dependence of Hall coefficient.
In addition, chromium metal is immiscible with SiO2.
8
Thus Cr-SiO2 granular films may be good candidates to
test the temperature dependence of Hall transport prop-
erties below and above T ∗. In the present paper, we have
systematically investigated the microstructure and Hall
transport properties as well as the longitudinal conduc-
tivities of Crx(SiO2)1−x (the Cr volume fraction x≃0.67
and 0.72). The influence of the quantum effects of the
Coulomb interaction on Hall coefficient is fully addressed.
Crx(SiO2)1−x films with different metal volume frac-
tion x (0.5.x.1) were deposited at room temperature by
co-sputtering method. A Cr and a SiO2 targets both with
99.99% in purity were used as the sputtering source. The
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FIG. 1. (Color online) (a) Resistivity versus temperature for
some representative films. (b) dlnσ/dlnT versus T 1/2 for the
x≃0.55, 0.61, and 0.67 films. Inset: resistivity versus temper-
ature for pure Cr film.
base pressure of the chamber is less than 1×10−4Pa. The
metal volume fraction x was controlled via adjusting the
sputtering powers applied in the two targets. The films
were simultaneously deposited on the glass (Fisherfinest
premium microscope slides) and polyimide (Kapton) sub-
strates for the transport and composition measurements,
respectively. Hall bar shaped films, defined by using me-
chanical masks, were deposited for Hall coefficient and
resistivity measurements. Cr/Au electrodes were fabri-
cated to obtain good contact.
The thicknesses of the films, ranging from 600 to
700nm, were measured using a surface profiler (Dektak,
6 M). The Cr volume fraction of the sample was deter-
mined by energy-dispersive x-ray spectroscopy analysis
(EDS, EDAX, Model Apollo X) using the film deposited
on Kapton. The microstructure of the films was charac-
terized by transmission electron microscopy (TEM, Tec-
nai G2 F20 S-Twin, operating at 200 kV). The micro-area
distribution of Cr, Si, and O elements were scanned by
EDS (FEI Super X) both in cross-sectional and in-plane
TEM samples. The electrical conductivity and Hall coef-
ficient were measured using a physical property measure-
ment system (PPMS-6000, Quantum Design) by employ-
ing the standard four-probe method. In the Hall coeffi-
cient measurement process, the magnetic field was set to
scan from −4 to 4T in a step of 0.2T at a certain testing
temperature. In the case of conductivity measurements,
a magnetic field of 7T perpendicular to the film plane
was applied to suppress the weak-localization effect.26
Figure 1(a) shows the normalized resistivity as a func-
tion of temperature for some representative films as in-
dicated. For the pure Cr film, the resistivity decreases
with decreasing temperature from 300 down to ∼50K,
reaches its minimum at ∼50K, and increases with further
decreasing temperature [Inset of Fig. 1(b)]. This is the
typical characteristics for disordered metals.24,26,27 While
for the Crx(SiO2)1−x films, the resistivities increase with
decreasing temperature in the whole measured tempera-
ture range even if the volume fraction x reaches ∼0.9.
FIG. 2. (Color online) Cross-sectional (a), and in-plane (b)
TEM images for the x≃0.67 film. Elements (Cr and Si) distri-
bution mappings in cross-sectional (c), and in-plane (d) TEM
samples. Inset in (a): electron diffraction patterns for the
film.
Superficially, the characteristic of ρ-T curves predicts
these Crx(SiO2)1−x (x.0.9) films are insulator in elec-
trical transport properties. However, from 300 down to
2K, the changes of the resistivities are less than 40%
even for the x≃0.55 film. We analyze the temperature
behavior of the logarithmic derivative of the conductiv-
ity w=dlnσ/dlnT ,28,29 which represents a more sensitive
method to reliably decide whether a certain sample is
metallic or insulating. Figure 1(b) shows w versus T 1/2
for the x≃0.55, 0.61, and 0.67 films. As the tempera-
ture approaches to zero, the values of w for the x≃0.55
and 0.61 films tend to a constant, while w tends to zero
for the x≃0.67 film. The nearly zero value of w means
a metallic film while a constant or infinite values of w
imply a insulating film. Hence the percolation threshold,
below which the films are insulating (or semiconducting),
lies between 0.61 and 0.67. Considering the results ob-
tained from the 0.67.x.0.90 are similar, we only present
and discuss the results obtained from two representative
metallic films (x≃0.67 and 0.72) below.
Figure 2(a) and 2(b) show the bright-field cross-
sectional and in-plane TEM images for the x≃0.67 film,
respectively. From the figures, one can see that the dis-
tribution of Cr granules is quite inhomogeneous: some
Cr granules (the dark regions) directly connect to others
while some Cr granules with size ∼1 to ∼3 nm disperse
in the SiO2 dielectric matrix (the bright regions). Only
weak diffraction rings related to (110) plane of the body-
centered cubic Cr can be observed in the electron diffrac-
tion patterns [inset of Fig. 2(a)], indicating that the SiO2
is amorphous. The micro-area element analysis is carried
out to obtain the detailed distribution information of Cr
3TABLE I. Relevant parameters for the films. Here x is Cr
volume fraction, t is the mean film thickness, n∗ is effective
carrier concentration, and gT is the intergrain tunneling con-
ductance in unit 2e2/~. gT δ¯/kB is the characteristic tempera-
ture defined in the text, and min(gTEc, ETh)/kB is the upper
bound temperature for Eq. (1) to hold.
x t n∗ gT gT δ¯/kB gTEc/kB ETh/kB
(nm) (1028 m−3) (K) (K) (K)
0.67 663 5.61 0.21 42 390 1520
0.72 643 6.48 0.22 45 408 1520
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FIG. 3. (Color online) (a) The Hall coefficient versus tem-
perature for the x≃0.67 and 0.72 films. The solid straight
lines are least-square fits to Eq. (1). (b) Conductivity change
versus T 1/2 for the two films. The solid straight lines are
least-square fits to Eq. (2).
and SiO2. Figure 2(c) and 2(d) show the elemental dis-
tribution of Cr and Si in cross-section and in-plane area
of the x≃0.67 film, respectively. The distribution map of
oxygen element (not shown) is almost identical to that of
Si, indicating that the oxygen combines with Si instead
of Cr. Close inspection of Fig. 2(c) and 2(d) indicates
that lots of Cr clusters with dimensions ∼1 to ∼3 nm are
randomly dispersed in the Si (i.e., SiO2) matrix. This is
in accordance with the result of the TEM images.
Figure 3(a) shows the variation of Hall coefficient
RH with logarithm of temperature for the x≃0.67 and
0.72 films, as indicated. The Hall coefficients of the
Crx(SiO2)1−x granular films are negative, which is differ-
ent to that of the pure Cr film.23,30,31 From Fig. 3(a), one
can see that the Hall coefficient of each film varies linearly
with logT (lnT ) from 300 down to ∼80K, and becomes
temperature independent below ∼60K. The temperature
dependent behavior of Hall coefficient is similar to that
predicted by Kharitonov and Efetov.11,12 Next we quan-
titatively compare the RH(T ) data with the theoretical
prediction.
According to Kharitonov and Efetov,11,12 when the
quantum effects of the Coulomb interaction and weak lo-
calization are considered, the Hall coefficient of the gran-
ular metal can be written as,
RH =
1
n∗e
[
1 +
cd
4πgT
ln
(
E0
max(kBT, gT δ¯)
)
− 2δσ
AA(T )
σ0
]
,
(1)
where n∗ is the effective carrier concentration, cd is a nu-
merical lattice factor of order unity, E0=min(gTEc, ETh)
is the upper bound energy for the validity of Eq. (1),
and σ0 is the longitudinal conductivity without the in-
fluence of Coulomb interaction and interference effects.
The first term in the square brackets is the classical Hall
coefficient of the system (R0H=1/n
∗e), the second term
is the correction of virtual diffusion (VD) of electrons
through the metallic granule, and the third term repre-
sents “Altshuler-Aronov” correction to longitudinal con-
ductivity. The weak localization correction to the Hall
coefficient is zero. The VD correction term, which is
specific to granular metals and absent in homogeneous
disordered metals, saturates at T≃T ∗ and retains the
saturating value below T ∗. The “Altshuler-Aronov” cor-
rection to longitudinal conductivity vanishes at T>T ∗,
while at T<T ∗ and for 3D granular metal it can be ex-
pressed as1,10
δσAA
σ0
=
1.83
12π2gT
√
kBT
gT δ¯
, d = 3. (2)
Eq. (2) is similar to that derived from homogeneous dis-
ordered conductors.27,32–34
Theoretically, Eq. (1) is valid at gT≫1. Recently, it has
demonstrated that the validity condition of Eq. (1) can
be expanded to gT>g
c
T ,
21,29 where gcT=(1/2πd) ln(Ec/δ¯)
(with d being the dimensionality) is the critical tunneling
conductance,10 above which the system lies in the metal-
lic regime. Treating Cr granules as roughly spherical and
taking the mean-diameter a≃2nm, one can readily ob-
tain the theoretical value of T ∗ is ∼45K.35 We compare
the experimentalRH(T ) data above 60K with the predic-
tion of Eq. (1). The solid straight lines in Fig. 3 represent
the least-square fits results. In the fitting processes, the
third term in the square brackets is neglected, n∗ and
gT are adjustable parameters, the lattice factor cd is set
as cd=1, the charging energy is Ec=e
2/(4πǫ0ǫra) with
dielectric constant ǫr=4.5 for SiO2,
36 and the Thouless
energy is ETh=~D/a
2 (where D is the electron diffusion
constant). The fitted values of n∗ and gT , as well as some
related parameters for the two films, are summarized in
Table I. For the 3D Crx(SiO2)1−x films, the critical tun-
neling conductance is estimated to be gcT≃0.12, which is
less than the gT values of x≃0.67 and 0.72 films. The the-
oretical upper bound temperature min(gTEc, ETh)/kB
for Eq. (1) holding is ∼400K. Thus the valid condition of
Eq. (1) is fully fulfilled and the lnT behavior of the Hall
coefficient originates from the VD of electrons inside in-
dividual grains.
In fact, Eq. (1) predicts δRH/R
0
H=−2δσAA/σ0 at
T<T ∗. To analyze the low temperature behavior of
the Hall coefficient, we first discuss the temperature de-
4pendence of conductivity at T<T ∗. In granular met-
als, it has been found that the corrections of the quan-
tum effect of Coulomb interaction to the conductivity
are composed of high energy and low energy contribu-
tions with respect to the characteristic energy gT δ¯.
1,9,10
The high energy correction is proportional to lnT at
T>T ∗, saturates at T=T ∗, and keeps as a constant at
T<T ∗. The low energy correction can be ignored at
T>T ∗, and has been expressed as Eq. (2) at T<T ∗ in
3D systems. Thus in 3D systems the change of the
conductivity ∆σ(T ) = σ(T ) − σ(T0) can be written as
∆σ(T ) = δσAA(T )− δσAA(T0) at T<T ∗, where T0 is an
arbitrary reference temperature. Figure 3(b) shows ∆σ
(T0=2K) as a function of T
1/2 under 7T for the x≃0.67
and 0.72 films (the field is high enough to suppress the
weak localization effect26). Clearly, the ∆σ data vary
linearly with T 1/2 below ∼50K. The solid straight lines
in Fig. 3(b) are the least-square fits to Eq. (2), in which
gT is the adjustable parameter and σ0 is approximately
taken the conductivity at 100K. For the x≃0.67 and 0.72
films, the fitted values of gT are 0.19 and 0.24, respec-
tively. Thus the gT values obtained independently from
fitting Eqs. (1) and (2) are almost identical for each film,
which not only verifies Eq. (2) but also confirms the va-
lidity of the Eq. (1) at T>T ∗. Since the contribution of
the electron-phonon scattering to σ (but not to RH) be-
comes progressively notable at high temperature regime,
the theoretical predicted logarithmic temperature behav-
ior of σ is not observed in high temperature regime.
We return again to discuss the Hall coefficient of
the films. The nearly temperature independent fea-
ture of the Hall coefficients below ∼60K [Fig. 3(a)] in-
dicates the theoretical predicted δRH(T )∝
√
T behavior
[Eq. (1) and Eq. (2)] at T<T ∗ is not present in the 3D
Crx(SiO2)1−x granular films. Thus the constant Hall
coefficient below ∼60K come from VD correction term
besides R0H [Eq. (1)]. In fact, similar theoretical re-
sult, δRH/R
0
H=−2δσAA/σ0, has also been derived in
homogeneous disordered conductors.27,32–34 This predic-
tion has been experimentally verified in different homo-
geneous disordered 2D conductors.37–40 However the ex-
perimental results in homogeneous disordered 3D con-
ductors are quite inconsistent. For example, it has been
experimental found that the Hall coefficients of the CuTi
and Pd80Si20 alloys
41,42 is independent of temperature,
while the change of the Hall coefficients are proportional
to
√
T for the Pd30Zr70, Ni64Zr36, Ni24Zr76, and Fe24Zr76
alloys.41,43 Thus the temperature dependence of Hall co-
efficient of granular metals at T<T ∗ need further exper-
imental investigations.
In summary, we have investigated the Hall trans-
port properties and longitudinal conductivities of 3D
Crx(SiO2)1−x nanogranular films lying in the metallic
regime. It is found that the films have relative high tun-
neling escape energy and the temperature behaviors of
Hall coefficient are dominated by the correction of VD
of electrons inside individual grains over the whole mea-
sured temperature range. The “Altshuler-Aronov” cor-
rection to the conductivity governs the temperature de-
pendence of conductivity at T<T ∗. However, the theo-
retical predicted relation, δRH/R
0
H=−2δσAA/σ0, is not
observed. Our experimental results fully demonstrate
the validity of the theoretical predictions concerning the
unique VD correction to Hall coefficient in granular met-
als.
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